The larval gut of Drosophila is coated with visceral muscles of mesodermal origin. In the midgut region this musculature comprises circular and longitudinal ®bres. The complete visceral musculature is described to be removed during metamorphosis and to be replaced by a newly differentiated imaginal tissue resembling the morphology of the larval musculature. However, progenitors of this imaginal visceral musculature have never been detected prior to differentiation. Here I present results indicating that the longitudinal visceral musculature of the midgut completely persists through metamorphosis. Single cells expressing green¯uorescent protein (GFP) as a marker were transplanted at the blastoderm stage. All clones contributing to the longitudinal visceral musculature detected in third instar larvae were recovered after metamorphosis in adult¯ies. Further evidence for the persistence of the larval visceral musculature was obtained from the P[Gal4] insertion line 5053A. It expresses GAL4 speci®cally in the longitudinal visceral muscles of the midgut of all developmental stages to the adult¯y beginning at the end of embryogenesis. By using GFP as a reporter, it was possible to follow these cells through the entire metamorphosis. Although the muscles undergo dramatic morphological changes including the loss of their contractile system, no evidence for a replacement of the larval visceral musculature by imaginal precursor cells was detected. q
Introduction
The life of holometabolous insects such as Drosophila is characterized by two completely different phases of development that are separated by metamorphosis. During this process the larval organization breaks down and most structures of the adult insect are formed anew from imaginal precursors. In the larva these precursors may be assembled into speci®c morphological structures, the imaginal discs (Chen, 1929; Auerbach, 1936; Robertson, 1936; Bate and Martinez Arias, 1991; for reviews see No Èthiger, 1972; Bryant, 1978; Cohen, 1993) . Imaginal cells may also be grouped in nests integrated into the respective larval organ (Robertson, 1936; Bodenstein, 1950; Hartenstein and Jan, 1992; Harbecke et al., 1996; Holz et al., 1997) . Besides this replacement through imaginal cells, in some exceptional cases larval organ systems persist through metamorphosis, for example the Malpighian tubules (Morgan, 1930; Bodenstein, 1950) and parts of the nervous system (Truman et al., 1993; Tissot et al., 1998) .
Thus, only in the latter cases are no imaginal precursors involved during the metamorphic reorganizations. Although much is known about morphological rearrangements during metamorphosis, progenitors of the imaginal visceral muscles have never been detected before differentiation.
The visceral musculature of the larval midgut generates a network consisting of two layers of mononucleate ®bres (Elder, 1975; Tepass and Hartenstein, 1994a) . This network consists of an inner layer of circular muscles enveloping the midgut epithelium and the longitudinal musculature that covers them. Both sets provide the force for the peristaltic movements (Strasburger, 1932; Robertson, 1936; Bodenstein, 1950) . Recent analyses provide evidence that circular and longitudinal muscles are of different origin. While the circular musculature of the midgut derives from a mesodermal portion of the prospective trunk region, the longitudinal ®bres of the larval midgut originate from a region located at the posterior tip of the blastodermal mesoderm anlage that is de®ned by the expression of brachyenteron and bHLH54F (Georgias et al., 1997; Kusch and Reuter, 1999) . During embryonic development cells from the latter anlage migrate with the developing midgut anteriorly and eventually adopt the stretched morphology characteristic for the longitudinal ®bres (Georgias et al., 1997; Campos-Ortega and Hartenstein, 1997; Kusch and Reuter, 1999) . During larval stages the muscles elongate as the gut grows but do not undergo appreciable morphological changes (Bodenstein, 1950) .
The complete larval visceral musculature of the midgut has been reported to be removed entirely during metamorphosis and to be replaced by a newly generated imaginal visceral musculature (Robertson, 1936) . By the time of eclosion (96 h after puparium formation) the imaginal visceral muscles are present as a coating around the adult midgut that is very similar to that of the larval midgut, also consisting of an inner layer of circular and an outer layer of longitudinal ®bres (Strasburger, 1932; Robertson, 1936; Miller, 1950) . Because the developing imaginal muscles form such a delicate ®ligree, their time of appearance during metamorphosis and origin within the larva has not been followed. However, imaginal precursors of the adult visceral musculature have never been observed in either embryos or larvae.
In this study, I focus on the fate of the longitudinal visceral muscles during metamorphosis and try to elucidate the origin of the imaginal visceral musculature. By transplanting single cells at the blastoderm stage using green¯uores-cent protein (GFP) as a marker, it was possible to analyze individual clones contributing to the longitudinal musculature before and after metamorphosis. Using a GAL4 enhancer trap line (Brand and Perrimon, 1993; Brand, 1995; Phelps and Brand, 1998 ) with a strong expression in the longitudinal musculature at all developmental stages from the end of embryogenesis onward it was possible to follow the fate of this tissue through all stages of metamorphosis. Although gross changes in the morphology of this tissue are detectable, I neither observed a loss of these cells nor found any evidence for a newly generated imaginal visceral musculature differentiating from imaginal precursors.
Results

Transplantation clones persist through metamorphosis
To analyze the fate of the longitudinal visceral musculature after the larval development, I performed single-cell transplantations. As donor for these transplantations the progeny of a cross of a daughterless driven GAL4 strain and an UAS-GFP strain was used. These animals display an ubiquitous GFP expression from embryonic stage 12 onward (stages according to Campos-Ortega and Hartenstein, 1997) . Single cells taken from these embryos were transplanted to homotopic positions into wild-type hostembryos. The use of GFP as a cell marker provides the advantage to examine living larvae for clones and to analyze these individuals again as adult¯ies. Due to the almost transparent tissues of larvae, single cells or even cell appendages expressing the GFP are easily detectable in living larvae.
All transplantations were carried out within a region between 8 and 15% EL (EL, egg length; 0% EL, posterior pole), where the primordium of the longitudinal visceral musculature was located by the expression pattern of brachyenteron and bHLH54F (Georgias et al., 1997; Kusch and Reuter, 1999) . Seventy-two of the 122 transplanted individuals reached the third larval instar, and 59 of these larvae were examined as adult¯ies. In 12 of the larvae a clone contributing to the longitudinal visceral musculature was detected. Nine of these individuals reached the adult stage. In all of them a clone contributing to the visceral musculature was recovered. At the larval stage, only fully differentiated ®bres were labelled in these individuals. This observation excludes the possibility that in addition to the larval tissue further imaginal cells are prominent, giving eventually rise to the imaginal musculature. Moreover, I never detected a clone contributing to the longitudinal ®bres of an adult¯y when in the larva no clone was apparent in this tissue (n 50). Thus, it is very likely that the longitudinal muscles of the larva persist through metamorphosis and are recovered in adult¯ies.
A comparison between clone sizes in larvae and adult ies regarding the number of labelled nuclei was not possible due to the fact that the coiled midguts of the living larvae often covered parts of the clones during the examination. However, in all cases the clone sizes before (Fig. 1A) and after ( Fig. 1B ) metamorphosis approximately range within the same magnitude, when the extent of labelled parallel ®bres is compared. Hence, a great change regarding the extent and size of the clones during metamorphosis can be excluded.
The number of nuclei in the longitudinal visceral muscles is the same in larvae and adult¯ies
Assuming that all longitudinal visceral muscles persist through metamorphosis, one would expect an identical number of nuclei to be present in this tissue in larvae and adult¯ies. The progeny of crosses of the GAL4 insertion strain 5053 and an UAS-lacZ strain displays a b -galactosidase expression that is limited within the midgut region exclusively to the longitudinal musculature of third-instar larvae ( Fig. 2A) and adult¯ies (Fig. 2B) . By using cytoplasmically localized b -galactosidase as a reporter for the GAL4 expression it was possible to visualize the entire longitudinal musculature and to determine the number of the nuclei within these stained myotubes at the same time.
With an average of 508 (SD 72) nuclei in the longitudinal musculature in third-instar larvae (n 10) and 536 (SD 76) in adult¯ies (n 10), the two tissues comprise the same number of nuclei.
The longitudinal visceral muscles can be observed through metamorphosis
When highlighted with GFP as a reporter, the expression pattern of the GAL4 insertion strain 5053A within the long-itudinal musculature of the midgut could be followed through metamorphosis up to the adult¯y. In third-instar larvae the length of longitudinal muscle cells varies from 200 to 400 mm (measured from nucleus to nucleus; Fig. 3A) . The width of a ®bre is about 10 mm without the projections of the cytoplasmic membrane (Fig. 3B) . Along the longitudinal muscles numerous cytoplasmic projections extending from one longitudinal ®bre to the next parallel one are visible (Fig. 3C ).
Soon after puparium formation the ®rst changes in morphology of the muscles are detectable (Fig. 4A) . Three hours after puparium formation (APF) the longitudinal muscles contract in the anterior-posterior direction as the complete midgut shortens at the onset of metamorphosis. Furthermore, the muscles develop many cytoplasmic projections. Contraction starts in the central part of the midgut at a time when the ®bres in the anterior and posterior parts are not yet affected. About 4 h APF, all longitudinal Fig. 2 . b-Galactosidase expression in the longitudinal visceral muscles in third-instar larvae (A) and adult¯ies (B) driven by the GAL4 insertion line 5053. Flat preparations reveal that both in larvae and in adult¯ies the gut is surrounded by 18±22 rows of longitudinal muscles. Beneath the cytoplasmically expression the b-galactosidase is enriched within the nuclei of the muscles, facilitating determination of the number of nuclei contributing to this tissue. Some nuclei are marked with arrowheads. Note that the nuclei of neighbouring muscles are often arranged as parallel or diagonally orientated groups. muscles are involved in this contraction process. A result of this massive contraction is a change in morphology: at about 6 h APF the continuous rows of longitudinal muscles break down into separate ®bres about 100 mm long, covered with numerous vesicular projections (Fig. 4B) . Shortly thereafter detached¯uorescent vesicles are visible¯oating around the persisting ®bres (Fig. 4C ). At about 20 h APF these nucleusfree¯uorescent vesicles disappear, leaving behind ®bres that are about 100±200 mm long and about 10 mm wide and that contain two to six nuclei on average (Fig. 4D) . Because of the numerous projections of the cytoplasmic membrane it is not possible to discern whether the nuclei within a ®bre are separated by cytoplasmic membranes into individual cells or not. At about 40 h APF the reduction of the cytoplasmic projections reveals that each ®bre represents a syncytium consisting of about two to six nuclei (Fig. 4E) . No boundaries are visible between the nuclei within a ®bre. Now each¯uorescent ®bre is about 20±40 mm long and 5 mm wide. Hereafter, the ®bres elongate gradually (Fig. 4F±H ). At about 70 h APF the musculature has reached the morphological state of the adult musculature (Fig. 4G) . 
The contractile system disappears during metamorphosis
The morphological changes during metamorphosis led me to check whether the contractile system in the muscles also persists during metamorphosis or whether this system is reorganized. The striated visceral muscles covering the midgut of a third-instar larva exhibit the features typical of contractile ®bres (Fig. 5A) . During metamorphosis these structures disappear gradually within the cells (Fig.  5B) and at 32 h APF no structures of the contractile system are visible in cells coating the midgut (Fig. 5C ). Hereafter the contractile system becomes redifferentiated. The ®rst signs of a contractile system are visible again at 68 h APF (Fig. 5D ). At about this stage the cells again gradually adopt the elongated shape of the differentiated longitudinal muscles (compare Fig. 4G ).
Discussion
During metamorphosis most of the larval tissues are histolyzed and replaced by imaginal tissues. The larval somatic muscles of the abdomen for example are broken down in the ®rst 24 h APF while imaginal myoblasts assemble to form new adult muscles (Robertson, 1936; Bodenstein, 1950; Crossley, 1978; Currie and Bate, 1991) . Also, the larval visceral musculature of Drosophila has been also reported to be entirely histolyzed during metamorphosis and to be replaced by a newly generated imaginal tissue (Robertson, 1936) . However, the origin of the imaginal visceral musculature within the larva and the differentiation of these postulated precursors have never been found. Furthermore, expression patterns speci®c for imaginal progenitors like escargot (Hayashi et al., 1993) and headcase-lacZ (Weaver and White, 1995) and patterns of DNA synthesis in third instar larvae and at the onset of metamorphosis (data not shown) reveal no clues as to the location of these postulated imaginal muscle precursors before metamorphosis. Here I provide evidence that the longitudinal visceral musculature of the midgut persists through metamorphosis.
Single-cell transplantation is a versatile tool to study cell lineage relationships and to localize the respective anlagen. The use of a genetic marker that is produced autonomously by the transplanted cell and its descendants also allows to analyze the cell lineage of highly proliferate cells like imaginal tissues (Meise and Janning, 1993; Holz et al., 1997; Klapper et al., 1998) . The use of GFP as a cell marker further provides the advantage, that clones can be visualized easily in living individuals (Shiga et al., 1996) . Hence, it was possible to analyze individual clones before and after metamorphosis. Each adult¯y with a clone contributing to the visceral musculature also exhibited a clone in the respective larval tissue prior to metamorphosis. Larvae with no clones contributing to the differentiated larval visceral musculature never exhibited a clone contributing to the visceral muscles of the adult¯y. On the one hand this data suggests that the imaginal visceral muscles apparently do not develop from structures not associated with the larval visceral muscles. On the other hand these results indicate that the larval visceral muscles persist through metamorphosis because in the respective larvae only completely differentiated larval visceral muscles were labelled.
Visualization of the GAL4 expression pattern of the P[Gal4] insertion line 5053A using GFP as reporter makes it possible to follow the morphological changes of the longitudinal muscles from the third-instar larva to the adult¯y. At all stages of metamorphosis the¯uorescing cells were detectable. Although the cells change their morphology strikingly during this period, I never detected a disappearance of the GFP-expressing cells coating the midgut. The intense contraction of the muscles at the onset of metamorphosis is consistent with the shortening of the midgut at this time described by Robertson (1936) . While the muscles contract, they generate numerous cytoplasmic projections. At about 9 h APF these structures become successively disconnected from the cells and are visible for some hours as¯uorescent vesicles¯oating around the¯uorescing cells still located on the midgut. It might be possible that the formation of vesicles is correlated with the decay of the contractile system within these cells. However, remnants of the contractile system are still detectable until about 20 h APF, when all vesicles have already disappeared. Robertson (1936) describes that at about 14 h APF the peristaltic movements cease. Thus it is likely that after the massive breakdown of the longitudinal rows the separated cells can no longer exert peristaltic forces on the gut, although residues of the contractile system are still prominent at this stage. Taken together, these results provide strong evidence that all nuclei contributing to the longitudinal visceral musculature persist through metamorphosis. This means that these muscles of the imago and of the larva are identical. Thus, the anlage of imaginal longitudinal visceral musculature is the same as the anlage of the larval longitudinal visceral muscles.
The entire dedifferentiation and reorganization of a fully differentiated larval tissue during metamorphosis represents an unique developmental feature that might be correlated with differentiation of the imaginal midgut epithelium. It was shown that the visceral mesoderm is necessary for the proper development of the midgut epithelium during embryogenesis (Reuter et al., 1993; Tepass and Hartenstein, 1994b) . In addition, further morphogenesis such as positioning the midgut constrictions is dependent on the visceral mesoderm (Reuter and Scott, 1990) . Thus, it might be possible that the persisting visceral cells have functions similar to those of the developing imaginal midgut epithelium during metamorphosis. However, a complete degeneration and replacement of muscle ®bres that develop separately, such has previously described in Drosophila (Robertson, 1936) , has also been observed in other Diptera, e.g. mosquitoes (Clements, 1963) and blow-¯ies (Lowne, 1890) . A reconsideration of the gut metamorphosis in these species will provide evidence whether the persistence of the visceral musculature is a conserved mechanism or a particularity of Drosophila.
Materials and methods
Fly strains and staging
Drosophila melanogaster¯ies of the wild-type CantonS strain were used for histological sections of third-instar larvae and pupal stages. Pupal stages were determined as hours after puparium formation (APF). All animals were raised at 258C. Ectopic expression of the two different reporter genes was achieved through the GAL4/UAS system of Brand and Perrimon (1993) . The P[Gal4] enhancer trap line 5053A, the UAS-lacZ (Brand and Perrimon, 1993) and UAS-GFP reporter lines were obtained from the Bloomington Drosophila Stock Center. To reveal the structures of the GAL4-expressing cells, the strain was crossed with either UAS-GFP for confocal microscopy or UAS-lacZ for X-Gal staining. The embryos used as donor for single-cell transplantation experiments were the progeny of a cross of the two strains GAL4 daG32 (Wodarz et al., 1995) and UAS-GFP. The line GAL4 daG32 was a gift from Elisabeth Knust.
Single-cell transplantation
Single cells were transplanted at the blastoderm stage following the transplantation technique of Meise and Janning (1993) . Living third-instar larvae were examined for GFP expression and raised to adulthood. Adult¯ies were dissected in phosphate-buffered saline (PBS) and examined again for GFP expression. For¯uorescence analysis an Olympus inverse microscope CK40 equipped with a video enhancement system was used.
Confocal microscopy
The P[Gal4]enhancer trap line 5053A was crossed to the GFP reporter line. At every single hour after puparium formation midguts of the offspring were placed in PBS and were examined with a Leica TCS NT confocal microscope. Images were processed with Adobe Photoshop (Adobe System). Beneath a strong expression in the longitudinal musculature of the midgut in larvae and adult¯ies, further expression was only detectable within one single larval somatic muscle per hemisegment and within a restricted region of the central nervous system. In particular, no further expression was detectable around the midgut region.
X-Gal staining
To determine the number of nuclei contributing to the longitudinal visceral musculature dissected midguts of third-instar larvae and adult¯ies were ®xed in 7.5% glutaraldehyde solution for 20 min and then washed several times in PBS. They were stained for histological demonstration of b -galactosidase by placing them in 1 ml of dye solution (Simon et al., 1985) plus 25 ml 8% X-Gal for about 30 min at 378C. When the staining was suf®cient, the guts were washed again in PBS several times and transferred to 50% glycerine. In this solution the guts were dissected and¯attened pieces were embedded in Faure's solution (Faure, 1910) .
Ultrastructural analysis
Larvae and pupae of de®ned stages were dissected in 0.1 M Soerensen buffer (Adam and Czihak, 1964) containing 2.5% glutaraldehyde and 5% sucrose. After ®xation in this solution for 12 h at 48C the specimens were washed in 0.1 M Soerensen buffer containing 5% sucrose for 24 h at 48C, and subsequently ®xed in 0.1 M Soerensen buffer containing 5% sucrose and 1% osmium tetroxide for a further 12 h at 48C. After washing several times in buffer the specimens were dehydrated in a graded ethanol series. Two incubations in acetone for 15 min each were followed by an overnight incubation in a 1:1 mixture of Epon/acetone. After evaporation of the acetone the preparations were transferred to moulds, orientated and placed at 658C for polymerization of the Epon. Sections were mounted on net grids and treated with 1% uranyl acetate for 30 min. The specimens were viewed in a Zeiss EM 900 electron microscope at 50 kV.
